ABSTRACT We have observed the assembly of the staphylococcal pore-forming toxin a-hemolysin using single-molecule fluorescence imaging. Surprisingly, assembly from the monomer to the complete heptamer is extremely rapid, occurring in <5 ms. No lower order oligomeric intermediates are detected. Monte Carlo simulation of our experiment shows that assembly is diffusion limited, and pore formation is dependent on the stability of intermediate species. There are close similarities between bacterial pore-forming toxins, such as staphylococcal a-hemolysin, the anthrax protective antigen, and the cholesterol-dependent cytolysins, and their eukaryotic analogs, such as the complement pore membrane attack complex and perforin domain. The assembly mechanism we have observed for a-hemolysin provides a simple model that aids our understanding of these important pore formers.
INTRODUCTION
Pore-forming proteins play a vital role in the eukaryotic immune response, where immune surveillance can lead to the targeted-attack of infected cells and bacteria via pore generation (1) (2) (3) (4) . Conversely, many bacteria use similar protein pores to kill target cells and acquire nutrients from their host (5) . Interest in these pore-forming proteins has increased because of their use as tools in nanotechnology, including biosensing and single-molecule DNA sequencing (6) . However, the mechanisms by which many of these multimeric membrane proteins assemble to form pores are not well understood. Fortunately, the close structural similarities between prokaryotic b-barrel pore-forming toxins (bPFTs) (7, 8) and their eukaryotic analogs have shown that much can be learned about the general mechanisms of bPFT assembly by studying simple prokaryotic pore formers (9) . For example, recent high-resolution crystal structures have demonstrated a large degree of homology between the cholesterol-dependent cytolysins and the complement pore membrane attack complex and perforin domain (3) (4) (5) 9, 10) .
Staphylococcal a-hemolysin, is the archetypal bPFT. Its assembly requires a lipid bilayer: First, a-hemolysin monomers bind to the bilayer surface (5) . Phosphocholine (11, 12) and the disintegrin and metalloprotease 10 (13) have been identified as potential low-and high-affinity receptors for the protein. Second, protein diffusion on the lipid bilayer results in lateral contact between monomers. Monomers assemble on the membrane by an as yet uncharacterized process to form a heptameric ring-shaped intermediate termed a prepore (14) (15) (16) (17) . Third, prepores spontaneously insert a membrane-spanning b-barrel domain into the lipid bilayer, forming a water-filled nanopore (7) . Pore formation subsequently affects the osmotic balance of the target cell and permits small molecule outflow (18) .
Here, we follow the assembly of staphylococcal a-hemolysin using single-molecule fluorescence imaging. To image rapidly diffusing a-hemolysin monomers and observe their assembly into higher order oligomers requires bilayer longevity, high signal to noise, high time resolution and control of lipid composition. We have recently developed a new, to our knowledge, synthetic mimic of the cell membrane that fulfills these requirements; we form a Droplet Interface Bilayer by contact of two lipid monolayers between a nanoliter aqueous droplet and a hydrogel support immersed in a solution of phospholipid in hexadecane ( Fig. 1 A) (19) (20) (21) (22) . To monitor the entire assembly process we introduced Cy3b-labeled a-hemolysin monomers into the droplet using a piezo-driven nanoinjector. The labeled a-hemolysin species were imaged on the bilayer using total internal reflection fluorescence microscopy ( Fig. 1) .
MATERIALS AND METHODS
Single labeling of monomers was achieved by introduction of a C-terminal mutant cysteine and subsequent reaction with Cy3b maleimide (Fig. S1 in the Supporting Material). Absorption measurements and mass spectrometry confirmed a 1:1 labeling ratio while hemolytic activity and electrical conductance of the labeled monomer were unaffected with respect to the wild-type protein. Single-channel recording also confirmed that the monomer forms functional pores in the droplet interface bilayers used for imaging (see the Supporting Material).
Droplet interface bilayers were prepared following our previously reported methods (19) (20) (21) (22) , which are fully described in the Supporting Material. Briefly, an agarose substrate on a glass coverslip and an aqueous droplet are allowed to equilibrate separately for 15 min in a solution of (1,2-diphytanoyl-sn-glycero-3-phosphatidylchlorine; DPhPC) lipid in hexadecane (~5 mM) to form lipid monolayers at the oil-water interface. The aqueous droplet is then pipetted onto the agarose and a lipid bilayer forms spontaneously where the monolayers of the droplet and the agarose contact.
Monte Carlo simulations modeled 10 particles in a two-dimensional box of side length 900 nm. The particle radius was 1 nm. The time step of simulation was 51.34 ns and was chosen to ensure the root mean-square motion of the particle in one dimension within the step size of the order of a particle 
RESULTS AND DISCUSSION
Unexpectedly, we did not observe the stepwise growth of a complex during oligomer formation; rather we observed the rapid formation of individual fully assembled oligomers from a-hemolysin monomers in an apparent single step that occurred in <5 ms ( Fig. 2 A and Movie S1). Only monomers and fully assembled oligomers were detected, and no intermediates were detected at any point during assembly, regardless of monomer concentration. The time resolution of these experiments was 5 ms. Assembled oligomers were stable after formation and diffused more slowly than monomers ( Fig. 2 B and Movie S1).
To establish the stoichiometry of the observed a-hemolysin oligomers, we allowed assembly to occur in darkness before analyzing all diffraction-limited fluorescent spot intensities (Fig. 3 A) . An intensity distribution with two clear peaks was observed. The higher intensity peak of 7.0 5 1.2 multiples brighter than the lower intensity peak (see Fig. 3 C) . In a separate experiment, photobleaching at higher laser intensities enabled determination of the stoichiometries of the complexes by counting the stepwise loss of fluorescence intensity from diffraction-limited spots as we had previously observed for purified preassembled heptamers ( (23) and Supporting Material). By this method, we assigned the lower intensity distribution to the fluorescence from single fluorophores (3,821 photobleaching trajectories). Analysis of the photobleaching trajectories of the oligomeric species revealed a mean of seven steps per spot, as expected (23) (see the Supporting Material for details of 152 oligomeric photobleaching trajectories) (Fig. 3 , B and D). We therefore attribute the peaks in the intensity distribution to monomers and heptamers. Lower order oligomeric intermediates were not detected (Fig. 3 C) . Because we are able to detect monomers, if oligomeric intermediates are formed in the assembly of a-hemolysin they must persist for less than the temporal resolution of this experiment. This rapid assembly is consistent with the current consensus from biochemical evidence (17) where nontime-resolved biochemical cross-linking experiments have not detected intermediates other than heptameric prepores.
To confirm that the observed complexes were related to pore-formation, we performed simultaneous measurements of complex appearance, by time-lapse imaging, and pore insertion, by single-channel recording (Fig. 4) . The number of appearing oligomers and the number of pores inserting into the bilayer were correlated. Simultaneous measurements that allowed correlation of single oligomer appearances and insertion events were not feasible, because at the concentrations where it was possible to observe appearance events there were too many pores inserted and inserting into the bilayer to resolve individual events. Conversely, at concentrations where individual insertion events could be observed electrically, complex assembly could not be observed continuously due to photobleaching. Although not definitive, these data (Fig. 4) suggest that the prepore intermediate is short lived.
To further understand the assembly process, we calculated the number of monomer-monomer interactions that can occur per unit area within the timescale of heptamer formation. Following Smoluchowski's theory developed for bimolecular reactions (see review (24)), we calculate a rate of collisions between monomers of 9,401 mm À2 s
À1
(corresponding to~10 7 collisions in each image per second). This number is far greater than the observed rate of heptamer appearance, 0.199 mm À2 s À1 , indicating that the vast majority of monomer-monomer collisions do not result in oligomerization (see Supporting Material for details). 
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We also used a two-dimensional Monte Carlo simulation of our experiment (Fig. 5) to compare the relative probability of oligomer formation and monomer-monomer collision events. If purely diffusive encounters are modeled, where there are no persistent interactions between monomers, our simulations show that only two and three body collisions occur in any significant number (P ¼ 0.003 for a triple monomer collision relative to the monomer-monomer collision probability). As might be expected, this cannot explain the experimentally observed heptameric complex formation rate.
We can only account for the observed probability of heptamer formation (Fig. 5 B, red dotted line) by including the possibility that collisions between monomers result in the formation of a transiently stable complex. By allowing monomer-monomer collisions to be sticky, we reproduce the observed heptamer formation rate when the mean persistence time following a collision of two species on the membrane is 51.6 ms for the monomer surface densities present in our experiment. For this persistence, we calculate the mean time taken for a heptameric complex to assemble as 361 ms. This is consistent with our experimental observations (Fig. 2 ) that show complexes must assemble within 5 ms.
CONCLUSION
On the basis of this evidence, we propose the following model for the cooperative assembly of a-hemolysin (Fig. 5 D) : 1), Monomers first bind to phosphocholine lipids and diffuse on the lipid bilayer; 2), Monomers undergo many collisions, which result in transient dimer formation. These dimers have a lifetime of~50 ms after which they dissociate to monomers; 3), Monomer collisions with the transient complex result in reversible stepwise growth; 4), Formation of the heptamer yields a stable complex that does not dissociate. This mechanism very rarely results in complete heptamer formation as almost all of the intermediate complexes rapidly dissociate.
The intensity distribution after assembly is complete (Fig. 3 C) shows only monomer and heptamer populations; smaller oligomers were notably absent. Although our biochemical evidence suggests a labeling ratio of 1:1.08, even if the labeling efficiency was lower than predicted, given our signal to noise, we would still observe single step changes in intensity when complexes are formed. Poor labeling efficiency would merely affect the accuracy of fit to the intensity and photobleaching step distributions. The absence of lower order oligomers is consistent with our model: Initially, when monomer concentrations are high, the assembly rate of monomers to oligomers, a sequence of bimolecular reactions, is greater than any disassembly rate of lower order oligomers back to monomers, a sequence of unimolecular reactions. As assembly continues, the surface monomer concentration is depleted as stable heptamers form irreversibly. This results in a decreasing assembly rate until the competing disassembly dominates, leading to a final population consisting only of heptamers and monomers. The fact that we do not observe oligomers with greater than seven subunits implies that either the final terminating step in oligomerization is either very rapid, or the disassembly rate of higher order (>7) oligomers is itself rapid. In this case the terminating step may be the ring formation of the heptamer, in an analogous way to other cyclic complexes (25) . This all or none process has been suggested previously for the mechanism of assembly of perfringolysin O (26) . The rotational correlation time for lipids is around 10 ms, whereas integral membrane proteins have rotational correlation times between 10 ms and 1 ms (27) . As the a-hemolysin monomer diffuses on the membrane and does not penetrate through the lipid bilayer, it is likely that it has a rotational correlation time closer to 10 ms. This is consistent with our calculated lifetime for intermediate steps (~50 ms) as the monomers could undergo several rotations before the next monomer collision, enabling effective sampling of the binding interface.
It is interesting to consider why the assembly of a-hemolysin might need to proceed by a mechanism with reversible intermediate steps. Conceivably, the mechanism may have evolved to overcome limitations posed by low concentrations present on target cell surfaces; where the stalled assembly of lower order intermediates would inhibit the formation of functional pores.
This proposed mechanism of assembly is not an exclusive model consistent with our experimental observations. Another possible mechanism would require a rare monomer activation step, followed by rapid and successful accumulation of monomers into the activated complex at each subsequent diffusive encounter with a monomer. However, given the lack of biochemical evidence to support such an activation step, we favor a model with rapid reversible intermediate steps in assembly. Our results provide an interesting comparison to previous pioneering work by Higuchi and co-workers on the assembly mechanism of the closely related bicomponent g-hemolysin pores (28, 29) , where the authors concluded that lower order oligomer intermediates were detected in the assembly pathway. Droplet interface bilayers yield a higher signal/noise ratio for single molecule fluorescence than could be expected when monitoring protein assembly on a cell membrane, and gives us confidence in our proposed model for a-hemolysin (30) .
The experimental approach we describe here is applicable to the study of the assembly of other multimeric membrane protein complexes (31) . It will be interesting to apply our [ ] methods to other pore-forming proteins, particularly those with much larger subunit stoichiometries (3, 4, 32) . Whereas a-hemolysin assembly is extremely rapid, we would expect to resolve assembly intermediates for larger pore complexes.
SUPPORTING MATERIAL
Six sections, four figures, a movie, and references are available at http:// www.biophysj.org/biophysj/supplemental/S0006-3495 (11) 
